The production and stability of recombinant retroviral vecwas reached between retroviral vector production and tors was examined at various temperatures. The two studdecay. Maximal accumulated recombinant retroviral titers ied recombinant retroviral vectors, based on different packwere five-to ten-fold increased after a medium incubation aging cell lines, exhibited a four-fold increased half-life at at 32°C as compared to 37°C. Furthermore, multiple cycles 32°C as compared to 37°C. Surprisingly, this increased of freezing and thawing of retroviral vector supernatants stability at 32°C was only observed within a very narrow hardly affected the recombinant retroviral vector titer, indetemperature window. At 30°C and 34°C, retroviral vector pendent of the presence of serum. This knowledge on half-lives were quite similar to that at 37°C. Regardless of characteristics of recombinant retroviral vectors has practithe vector half-life, retroviral vectors accumulated in the cal implications for the manufacturing of these viruses for culture medium for a period of 48 h before an equilibrium clinical gene therapy protocols.
Recombinant retroviral vectors are widely used to introretroviral vectors at different temperatures, culture volumes, and producer cell densities. duce genes into cells. At present recombinant retroviral vectors are being employed in the majority of clinical
In the design of our experiments we included intermediate storage steps in liquid nitrogen. Therefore, we gene therapy protocols. The success of such therapies is critically dependent on the transduction efficiency.
first investigated the effect of repeated freezing (in liquid nitrogen) and thawing (at 37°C) of vector supernatant Among other factors, this transduction efficiency will be influenced by the titer of vector preparations employed.
batches on their retroviral vector titer. The vector supernatant batches were obtained by performing a 2 h harvest Several methods have been described to obtain high recombinant retroviral vector titers. These methods from the recombinant amphotropic neo-vector producing cell line POPA/neo-4 at 37°C. One batch contained 10% include redesign of the retroviral vector, [1] [2] [3] the generation of producer cells with increased recombinant retrovirus newborn calf serum (NBCS) and a second was kept serum-free. The vector supernatant batches were divided copy numbers, 4, 5 changing the retroviral vector harvest procedure by adding sodium butyrate or dexamethasone over several ampoules that were frozen and thawed for different numbers of cycles, ranging from 0 to 16 times. to the culture medium 6, 7 or by using a culture temperature of 32°C instead of 37°C, 6, 8, 9 and down-stream conNext, the end-point retroviral vector titer was determined on NIH/3T3 cells. As can be seen in Figure 1 , the first centration of retroviral vectors in the vector supernatant batch. 9, 10 In general, each of these methods results in an two to four cycles had the largest impact on the viral titer. They exerted a decrease in titer of two-to three-fold. Up approximately one log improved retroviral vector titer. This paper focuses on the influence of culture conto 14 additional cycles had no further effect on the vector titer. This remarkable stability of at least a subset repditions on the retroviral vector titer, with emphasis on incubation temperatures. Kotani et al 9 have shown resenting approximately 50% of recombinant vector particles was observed both in the presence and in the increased end-point titers when retroviral vector producing cell lines were cultured at 32°C for 48 h as compared absence of serum. This finding is of particular importance for those cases where down-stream processing of recomto 37°C cultures. Forestell et al, 11 however, did not find a significant difference in titers between 32°C and 37°C binant retroviral vector supernatant requires temporary storage between individual processing steps. For cultures. In addition, their end-point titers peaked within 8 h and supernatants providing optimal bulk transducexample, several production runs can be individually performed, concentrated, tested, and finally pooled to tion efficiencies were even obtained within 3 h culture at 32°C. Here we study the stability and production of give a large, uniform lot for use in gene therapy procedures.
To determine the retroviral vector half-life at different temperatures in serum containing medium, vector supernatant was harvested from two cell lines, POPA/neo-4 window. At 30°C or 34°C, half-lives were found which were quite similar to that at 37°C. Inaccurate temperature adjustment can, therefore, significantly diminish the titerincreasing effect of 32°C cultures. Furthermore, the recombinant retroviruses were also remarkably stable at lower temperatures (4°C and 20°C). This finding has little meaning for the production of retroviral vector supernatants, because recombinant retroviral vector producing cell lines cannot be cultured at these temperatures. However, it is important for devising down-stream processing procedures for recombinant retroviral vector stocks. The long half-life at 20°C suggests that recombinant retroviral vectors can be manipulated at ambient temperature. Our observation of two different temperature ranges with reduced vector stability (20-30°C and Ͼ32°C, respectively) suggests that at least two different factors are responsible for the vector decay at those temperatures. These factors remain unresolved, but they could include the activity of one or more enzymes, membrane flexibility or disruption, or virus envelope protein integrity.
In the next set of experiments, we used the two cell lines POPA/neo-4 and MFG-ADA to investigate the peratures (see Figure 3a) . In each culture, retroviral vecas described. 15 Selection for cells resistant to 1 mg/ml G418 was started 1 day after transduction and resistant colonies were scored on day 10. tor titers were higher at higher cell numbers. Hence, the cell numbers was observed between 32°C and 37°C cultures. It was concluded, therefore, that the higher titer at 32°C as compared to 37°C is not caused by higher cell deaminase gene-virus producing cell line MFG-ADA. The vector supernatants were divided over several numbers. Larger vector supernatant batches can be obtained by ampoules, which were incubated for different periods of time at 0°C, 4°C, 20°C, 30°C, 32°C, 34°C or 37°C. After simply increasing the harvest volume. We found that for the volumes tested this did not lead to lower vector titers, incubation, the end-point retroviral vector titer was determined. The half-life curves and the calculated halfas long as the incubation period was long enough to reach the plateau. As could be expected, doubling of the lives at the different temperatures are shown in Figure 2 . At a culture temperature of 37°C, most commonly used culture volume from 5 ml to 10 ml per 25 cm 2 rendered a two-fold lower titer at the earliest time-points after culfor virus harvests, we measured a half-life of 9 h. This was in the same range as previously reported for several ture initiation. However, after an extended culture period without refreshing the medium, eventually similar vector other vector preparations (3.5-9 h). 9, 10, [12] [13] [14] At 32°C, however, the half-life was extended significantly (to 37 and concentrations accumulated in either volume. In cultures at 32°C, the vector titer time-profiles were essentially the 39 h for two different retroviruses, respectively). This relative stability at 32°C already partially explains the same for the two volumes tested. At 37°C, however, the vector titer plateau sustained for at least 7 days in a 10 higher titers found at 32°C than at 37°C in our own experiments (below) and in those reported by Kotani et ml culture, whereas in a 5 ml culture the titer started to decline after day 2. In addition, Figure 3a shows that the al. 9 Interestingly, the higher stability of retroviral vectors was only observed within a very narrow temperature larger culture volume allowed the cell monolayer to remain at higher cell numbers at long incubation times ture is the net result of all prior virus production and virus decay. At early time-points, it may be assumed that (maximum three-fold more cells). These data suggest, therefore, that during longer incubations at 37°C the comthe virus production and decay rates remain fairly constant. This allows the calculation of the vector production position of the culture medium changes more rapidly than at 32°C. Such an effect will occur more rapidly in rates at 32°C and 37°C, using the known vector decay rates at 32°C and 37°C (see Figure 2) , the accumulated smaller culture volumes. Thus, larger culture volumes are to be preferred. Obviously, further improvement of vector titers at 4 and 7 h ( Figure 3 ) and the equation: accumulated vector titer = c (1−2 (−t/t 0.5 ) ), where c = titer the production procedure could be achieved by using a continuous perfusion system where parameters such as plateau, defined as (production rate x t 0.5 )/ln 2, t = time, and t 0.5 = half-life at the given temperature. The results pH and glucose concentration can be controlled.
retroviral vector titer during extended culture in serum
The accumulated vector titer per cell, as calculated by show that the initial vector production rates are similar at 32°C and 37°C (7.8 ± 4.6 (s.d.) × 10 4 c.f.u./h/10 7 cells dividing the total number of recombinant vector particles in the supernatant by the total number of cells present at versus 1.1 ± 0.2 (s.d.) × 10 5 c.f.u./h/10 7 cells). The equation can also be applied to predict the incubation time various time-points during culture, is given in Figure 3b . The maximum number of accumulated infectious recomneeded to reach a steady state in accumulated vector titer. It can be calculated that after a constant vector probinant POPA/neo-4 virus particles per cell was 12 times higher at 32°C than at 37°C (0.55 versus 0.047). For MFGduction for the duration of 4 vector half-lives the accumulated vector titer will not significantly increase ADA virus this difference was 16-fold (0.179 particles per cell at 32°C and 0.011 particles per cell at 37°C; not anymore. However, as can be seen in Figure 3a , titers increased until approximately 48 h both at 32°C and at shown). The accumulated vector titer at any time in cul- 37°C despite the significant difference in viral half-life.
(dCF) were kind gifts from Dr NR Lomax, Drug Synthesis and Chemistry Branch, NCI, Bethesda, MD, and For 37°C cultures the experimental vector plateau was reached in approximately the predicted period. In conParke Davis Pharmaceutical Research Division, WarnerLambert Company, Ann Arbor, MI, respectively. This trast, at 32°C the plateau was reached within little more than one vector half-life. This suggests that the maximal work was supported by the Netherlands Organization for Scientific Research (NWO). incubation period was limited by changes in the composition of the culture medium, causing a deceleration in vector production or a reduction in vector stability after 48 h. Apparently, the lower incubation temperature at
